The current study sought to examine the relative influence of genetic and environmental factors on corpus callosum (CC) microstructure in a community sample of older adult twins. Analyses were undertaken in 284 healthy older twins (66% female; 79 MZ and 63 DZ pairs) from the Older Australian Twins Study. The average age of the sample was 69.82 (SD54.76) years. Brain imaging scans were collected and DTI measures were estimated for the whole CC as well as its five subregions. Parcellation of the CC was performed using Analyze. In addition, white matter lesion (WMLs) burden was estimated. Heritability and genetic correlation analyses were undertaken using the SOLAR software package. Age, sex, scanner, handedness and blood pressure were considered as covariates. analyses between (i) whole CC DTI measures and (ii) whole CC DTI measures with total brain WML burden. Across the DTI measures for the whole CC, MD and RD shared 84% of the common genetic variance, followed by MD-AD (77%), FA -RD (52%), RD -AD (37%) and FA -MD (11%). For total WMLs, significant genetic correlations indicated that there was 19% shared common genetic variance with whole CC MD, followed by CC RD (17%), CC AD (16%) and CC FA (5%). Our findings suggest that the CC microstructure is under moderate genetic control. There was also evidence of shared genetic factors between the CC DTI measures.
Introduction
The corpus callosum (CC) is the largest white matter (WM) tract connecting the two cerebral hemispheres and contains more than 2610 8 axons [1, 2] . The size and myelination of these fibres determine the time taken for inter-hemispheric transfer of information [3] .
Diffusion tensor imaging (DTI) is used to study WM integrity, and it provides quantitative three-dimensional analyses of WM microstructure [4, 5] . Different DTI measures such as anisotropy (fractional anisotropy-FA) and diffusivity (mean diffusivity-MD; radial diffusivity-RD and axial diffusivity-AD) can be obtained, each of which is sensitive to different aspects of WM integrity, including levels of myelination (FA, RD), axonal density/diameter (FA), axonal damage or loss (AD) [6] [7] [8] [9] [10] .
Ageing leads to macro and microstructural changes to fibres in the CC, affecting inter-hemispheric processing [11] . Although the number of fibres in the CC does not change from birth [12] , their size, density [2] and composition (myelination) [12] varies with age [1] . For the CC, greater atrophy using DTI measures has been observed with increasing age in the anterior and mid-body regions compared to posterior regions [5, 13, 14] .
Age-related changes in the CC [15, 16] have been associated with age-related cognitive impairment [17] [18] [19] , reduced processing speed [20] , bimanual motor decline [21] and neurodegenerative disease [22] [23] [24] [25] . Moreover, the study of WM integrity measures in older individuals may help in the early diagnosis of disease such as Alzheimer's disease and mild cognitive impairment [26] [27] [28] and may serve as biomarkers to differentiate them at an early stage [29] . Hence, it is important to gain a better understanding of the role of genetic and environmental factors in age-related integrity of the CC. Further, studying the genetics of CC in older individuals may help to understand the aetiology of the age-related degeneration of CC and also clarify the relationship between its microstructure, function and disease.
Heritability studies provide evidence for the role of genes in WM integrity [30] . To date, however, the heritability of CC in older individuals has been reported in only two studies, one examining FA in older males only [31] , while the other used an extended family study design [32] . In a small sample of older males (n564), the heritability for FA of the CC splenium (67%) was found to be more than that of the genu (49%) [31] . However, in an extended family study (n5467), which included older adults (age range 19-85 yrs), heritability of FA across the lifespan for the genu was high (66%), with heritability values of FA for the body of CC and splenium ranging from 54-57%. Also, CC RD was reported to be heritable (37%), but not AD [32] . The heritability of MD was not reported in either of these two studies. Therefore, more studies are required to examine heritability of all CC DTI measures using larger samples of older adults and including females.
One major consideration in the study of the CC is how best to divide it into sub regions (parcellation) it. Many of the previous reports only studied the whole CC as a single unit or divided it into two (genu & splenium) or three (genu, mid body& splenium) regions. However, the CC has no clear anatomical boundaries [1] , and it varies highly in size and shape among individuals [12, [33] [34] [35] . The widely accepted Witelson's classification [36] , and other geometric parcellation methods [37, 38] , are not based on fibre composition and connections and may therefore not exactly reflect the functional regions of CC [39] . Although there are several other methods of parcellation [40] [41] [42] , these methods are based on their connections to the target regions in the cortex, leading to inconsistent sub divisions of CC. Chao et al., [39] proposed parcellation of the CC based on high angular resolution diffusion imaging (HARDI) and the neural connections of CC with distinct cerebral areas, sub divided further based on differences in cell layers and structures. When using this method, the CC is parcellated based on its connections to distinct brain functional units. An added advantage is that HARDI can assist in resolving even lateral and crossing fibres. Hence, this probabilistic topographical method helps to better understand the fibre composition of the CC [39] .
WM lesions (WMLs) are a marker of WM pathology and are commonly observed as hyperintense regions in T2-weighted or fluid attenuated inversion recovery (FLAIR) scans in older adults. WMLs are thought to reflect small vessel disease but their aetiology is incompletely understood [43, 44] . WMLs have moderate to high heritability and are influenced by both genetic and environmental factors [45] . Although, several studies reported an association of the development of these WMLs with WM integrity measures across several regions of the brain [46] [47] [48] , it is unclear whether common genetic factors influence WMLs and age-related WM integrity measures. To date, there are no studies specifically reporting the phenotypic or genetic correlations between CC DTI metrics and WMLs.
In this study, we estimate the relative influence of genetic and environmental factors on DTI measures for the entire CC and for five parcellated regions using the method of Chao et al., [39] in a community-dwelling sample of older adult twins. Examination of five regions of the CC based on anatomical and cortical connections will enable a hitherto more detailed examination of heritability than previous studies. Additionally, in contrast to the study of Pfefferbaum et al., [31] our sample contains both women and men aged 65 and above. In an extension of this, we aimed to determine whether there are common genetic influences across various DTI measures for whole CC and with WMLs, a marker of WM atrophy.
Methods

A. Ethics statement
The study was approved by the Australian Twin Registry, University of New South Wales, University of Melbourne, Queensland Institute of Medical Research and the South Eastern Sydney and Illawarra Area Health Service and written informed consent provided by all participants. Participant's information was de-identified and anonymized prior to analysis.
B. Participants
The current study is comprised of 142 twin pairs (MZ male529 pairs; MZ female550 pairs; DZ male58 pairs; DZ female 533 pairs, DZ mixed 522 pairs) drawn from the longitudinal Older Australian Twin Study (OATS) with available brain imaging data. The mean age of the sample used in this study was 69.82 (+/2 4.76) years with ages ranging from 65 to 85. All participants were Caucasian. In the current analysis, individuals with a consensus diagnosis of dementia were also excluded.
Briefly, OATS recruited twins aged 65 years and above who were registered with the Australian Twin Registry and through recruitment drives across the three eastern states of Australia -New South Wales, Queensland and Victoria. Other inclusion criteria were ability to complete questionnaires in English and having a consenting co-twin. Individuals were excluded if they were diagnosed with any progressive malignancy or other life threatening illness or acute psychiatric disorder. The study was approved by the relevant ethics committees and written informed consent provided by all participants. The full details of the study have been published elsewhere [49] . The zygosity of the sample was assessed based on identity by descent using available genome-wide genotyping data along with selfreport data [50] .
Participants completed an extensive face-to-face interview, which included demographic, medical and health information. Data on alcohol consumption, tobacco smoking and diabetes were obtained by self-report questionnaires [49] . Fasting peripheral blood samples were obtained and assessed for total cholesterol (using a Beckman LX20 Analyser) and glucose levels (glucose oxidase method, Beckman Coulter, Fullerton, CA). Individuals whose fasting blood glucose level was $7 mmol/L or had been diagnosed by a medical practitioner as diabetic and were currently on a diabetic diet, hypoglycaemic tablets or insulin were categorised as diabetic. Two seated readings of systolic and diastolic blood pressure (BP) were obtained by the interviewer and averaged. For current smoking status, individuals were classified as either a current smoker or not. Daily alcohol consumption was based on the frequency of drinking and number of drinks (10 g alcohol) consumed on typical drinking days. Participants were classified into two categories: (i) #1 drink/day; (ii).1 drink/day. For handedness, individuals were categorised either as right-handed or not, based on a series of questions regarding which hand they used for various daily activities. As there were very few left handed and mixed individuals in the sample, we combined them as non-right handed for our analysis (N518).
C. Brain MRI Scanning
MRI data were obtained on three 1.5 Tesla scanners and a 3 Tesla scanner owing to the multi-site nature of this study. Co-twins were imaged on the same scanner. We used Siemens Magnetom Avanto and Sonata scanners (Siemens Medical Solutions, Malvern PA, USA) with similar years of manufacture and upgrade in centres 2 (Victoria -97 participants) and 3 (Queensland-79 participants), respectively. In centre 1 (New South Wales), we initially used a 1.5 T Philips Gyroscan scanner (Philips Medical Systems, Best, Netherlands) (83 participants) and subsequently a 3 Tesla Philips Achieva Quasar Dual scanner (25 participants). The acquisition protocols and parameters were tested and matched between the centres through standardization of spatial resolution and slice thickness, using a 3D phantom to correct geometric distortions and using five volunteers who were scanned on the four scanners [49] . Twin pairs were scanned on the same day or temporally very close to each other (,few weeks).
Diffusion weighted MRIs (DWI) scans were used for computing the diffusion tensor imaging (DTI) measures. DWI sequences were performed using a similar protocol for the 1.5 Tesla scanners in the three centres. To increase the signal-tonoise ratio (SNR), all of the subjects were scanned twice for DWI sequences in the same MRI session. A single-shot echo-planar imaging (EPI) sequence (TR512729 ms, TE576 ms) was used. Diffusion sensitizing gradients were applied along 32 non-collinear directions (b15800 s/mm 2 ), together with a nondiffusion-weighted acquisition b0. For each DWI scan, 55 axial slices were collected. The field of view was 240 mmx240 mmx137.5 mm with acquisition matrix 96696, and slice thickness 2.5 mm with no gap between the slices, yielding 2.5 mm 3 voxels of isotropic sizes. Two extra non-diffusion-weighted (b0) EPIs were separately acquired and then combined with DWI scans for higher SNR. TR57115 ms and TE570 ms and b151000 s/mm 2 were used for the 3 Tesla Philips Achieva Quasar Dual scanner at Centre 1 while the other DWI parameters were the same.
We used T2-weighted fluid attenuated inversion recovery (FLAIR) and 3D T1-weighted MRIs scans for the computation of white matter lesion (WMLs) volumes. 3D T1-weighted volumetric sequence was performed using a similar protocol in the three centres with in-plane resolution5161 mm, slice thickness51.5 mm, slice number5144, TR51530 ms, TE53.24 ms, TI (Inversion time)5780 ms, and flip angle58. Two T1-3D scans were acquired for each participant for an increased SNR. FLAIR scans main acquisition parameters were: TR/TE510000/120 ms, inversion delay52500 ms, in-plane resolution 0.89860.899 mm 
D. DTI Processing
The DTI data were pre-processed using FMRIB's Software Library (FSL) version 5.0 [51, 52] , which included three main steps. Firstly, eddy current correction, which includes correction of DTI images due to head distortions and for different gradient directions; secondly, brain extraction, which includes the deletion of non-brain tissue, using BET (Brain Extraction Tool); and thirdly, fitting tensors using the DTIfit program, which includes the process of fitting the diffusion tensor model across each voxel of the pre-processed DTI data to derive anisotropic (FA) and diffusivity (MD, RD and AD) images. These images were then checked individually for any artefacts or missing slices. Any samples that failed quality control checks were removed from the analysis.
E. Tracing and parcellation of corpus callosum
A semi-automated method of tracing and parcellation of the CC was performed using Analyze version 11.0 (http://www.analyzedirect.com/) by a trained researcher who was blinded to family relationship. Initially, the pre-processed DTI images were adjusted to note the mid-sagittal slice number using volume render and fly tools. The auto-trace tool was used to trace whole CC in the mid-sagittal slice of FA images (Fig. 1 ). The traced CC was then parcelled into five vertical partitions (A-E) from anterior to posterior, as proposed by Chao et al., [39] using the grid divider tool (Fig. 2) : A -frontal regions; B -pre motor & supplementary motor; C -motor; D -sensory; and E -parietal, temporal & occipital. The same object maps were loaded on MD, RD and AD images to obtain the respective DTI measures.
Tracing and parcellation were done individually on both images (i.e. scan 1 and 2 for each participant). The two sets of data were significantly correlated (r.0.8, p,0.05). The four DTI metrics were calculated using the three eigen vectors extracted from the DTI images. The mathematical formulae are shown in S1 File and show that all of the metrics are related and not independent. FA and MD values are derived from all three eigen vectors (l 1 , l 2 , l 3 ), whilst RD is calculated from the average of two eigen vectors (l 2 and l 3 ) whilst l 1 is taken as AD. The two sets of data (scans 1 & 2) were highly correlated (r$0.85). Here, we report the heritability results based on the averages of the two scans. Additional analyses of the individual scans are presented in S1 File.
F. Measurement of WMLs
WMLs were delineated from FLAIR and 3D T1-weighted structural scans using an automated pipeline described in detail previously [44, 53] . Briefly, the automatic quantification of WMLs was carried out in the following steps: 1) co-registration of each participant's FLAIR images to their corresponding T1-weighted structural images; 2) segmentation of T1-weigthed structural images into three separate tissue components, i.e. grey matter, white matter and cerebrospinal fluid; 3) removal of non-brain tissue from both T1-weighted and co-registered FLAIR images using a brain mask (computer generated, which is used to discriminate between brain from non-brain tissue) transformed from the average mask originally defined in the Talairach space (a 3-dimensional atlas of the brain); 4) inverting the spatial normalization transformation to produce the brain masks and WM probability maps in the individual imaging space for the WMLs detection and non-brain tissue removal; 5) intensity correction of both FLAIR and T1-weighted images after the removal of non-brain tissues and then 6) segmentation of WMLs using FLAIR scans.
G. Statistical analysis
The twin method was used to study the influence of genetic and environmental factors on a particular trait. Monozygotic (MZ) twins share all genes whereas dizygotic (DZ) twins share only half of their genes. By comparing the similarity between the identical and non-identical twin pairs for a particular trait, the effect of genetic, shared and non-shared factors can be estimated. We calculated heritability of the four DTI measures (FA, MD, RD and AD) across whole CC and its five sub regions as described below. Covariates Age and scanner were significantly associated with the four DTI measures of whole CC (p#0.05). Sex was significantly correlated with MD, AD and RD of whole CC (p#0.05), but not FA (p.0.05). Handedness was significantly associated with MD and RD of whole CC (p#0.05) but not with whole CC FA (p.0.05). Previous studies have identified risk factors for the integrity of WM across various regions of brain, which include hypertension, serum cholesterol [54] [55] [56] , alcohol consumption [57] , tobacco smoking [58] and diabetes [59, 60] . Of these potential confounders, only diastolic and systolic BP were significantly correlated with FA of the whole CC (p#0.05). The other risk factors -total cholesterol, diabetes, alcohol consumption and smoking status -were not significantly associated with any of the DTI measures (p.0.05). For the regionwise analysis of the CC sub regions, there was no specific pattern of association (see S1a Table and S1b Table in S1 File). To be consistent across analyses the following were used as covariates: age, sex, scanner, handedness, diastolic and systolic BP.
Heritability and genetic correlations
To estimate heritability and genetic correlations, the SOLAR (Sequential Oligogenic Linkage Analysis Routines) software package was used, which is based on the variance components method (http://solar.txbiomedgenetics.org/) [61] . The variance components model used here for heritability estimation includes only the genetic and environmental variance components. The shared environmental variance can be measured by adding an additional component of variance to the model. However, under the twin design, a very large sample is required to distinguish between those two models [62] . Since the shared environment component was not significant in our sample in other neuroimaging analyses, we therefore have used only the genetic and environment components for consistency [similar to 63]. Multiple traits can be analysed by extending the variance component model [64] [65] [66] . Heritability was also estimated separately for women (N5166) but not for men due to the relatively small sample size (N574) and the imbalance between the number of MZ and DZ pairs (,4:1).
Bivariate genetic correlations were assessed between (i) whole CC DTI metrics and (ii) whole CC DTI measures and total WML burden. Analyses were undertaken controlling for the covariates listed above.
Results
The demographic details of the sample are shown in Table 1 . There were more females (66.19%) than males. There was no significant difference between MZ and DZ pairs for all relevant variables (p.0.5) including age (p50.79), sex (p50.82) and handedness (p50.88). The entire sample was mainly right-handed (89.75%), nearly one-third of the sample were current smokers (29.07%) and less than 14% were diabetic. The descriptive statistics of the DTI measures for the whole CC and its sub-regions are shown in Table 2 . Total WMLs were significantly correlated with all the DTI metrics across the whole CC.
A. Heritability analysis
Intra-class correlations (ICC) estimated for MZ and DZ twin groups (95% CI) for whole CC DTI measures are shown in Table 3 . Since data was acquired and averaged from two separate scans of each individual, ICCs were also calculated for the major measures for the whole CC for comparison for each scan (see S2a Table  and S2b Table in S1 File) . Although the values for each scan differ slightly, the estimates and resulting heritability values were similar (see S3a Table and S3b  Table in S1 File). The heritability estimates of the four DTI measures for whole CC and its five sub regions from anterior to posterior (A-E), are shown in Table 4 . For whole CC, moderate heritability was observed for all the four measures, FA, MD, RD and AD (h 2 50.37-0.56). For the region-wise analysis, similar to the entire CC, FA, MD and RD are heritable. However, AD is heritable only in the anterior CC (region A).
Significant heritability for women was observed for all four DTI measures ranging from 0.39-0.68 for the whole CC (see S4 Table in S1 File, N550 female MZ pairs and 33 DZ pairs).
B. Genetic correlation analysis
Bivariate genetic correlation analysis was performed for the whole CC between the four DTI measures [ Table 5 ] and separately for each scan (see S5a Table and S5b  Table in S1 File) . In general, significant genetic correlations were observed between FA, MD, RD and AD. However, AD did not show a significant correlation with FA. FA shared around 11% (r g 520. 34 ) and 51% (r g 520.72) ). Bivariate genetic correlation analysis of the four DTI measures of the whole CC with total brain WMLs showed significant correlations for WMLs with all four DTI CC measures [ Table 5 ]. Total brain WMLs shared 5% common genetic variance with FA with an inverse correlation observed (r g 520.23), indicating an opposing effect. On the other hand, positive genetic correlations were also observed with total brain WMLs sharing 19% common genetic variance with MD (r g 50.44), 17% with RD (r g 50.42) and 16% with AD (r g 50.40).
Discussion
Our study of community-dwelling older adult twins aimed to estimate the role of genetic factors on the microstructure of the CC and its five sub regions using DTI. Table 3 . Intra-class correlations (ICC) estimates for MZ and DZ twin groups for whole CC DTI measures. In addition, we estimated the genetic correlations between whole CC DTI measures and with WMLs. The heritability analysis indicated that all four DTI measures (FA, MD, RD and AD) for whole CC are moderately heritable. Our results are in agreement with the results of previous studies of older adults where FA and RD were heritable. In general, we also observed AD to be heritable in older individuals, which is contrary to the study by Kochunov et al. [32] . Differences between the two studies may explain the discrepancy in results. Here, we examined older twins only, whilst Kochunov et al. examined CC across the lifespan in a family study. Moreover, these prior studies did not examine the heritability of MD; we found MD to have moderate heritability [31, 32] .
Our results vary from a previous study [31] , which reported higher genetic contribution for the FA in the posterior CC (splenium h 2 -67%) than the anterior CC (genu h 2 -49%). We did not observe such high heritability in the posterior regions of the CC. This may be due to differences in methods of tracing and parcellation, and the fact our sample is slightly younger (mean age of our sample 69.8 years vs 76 years) and includes both sexes. However, our results are similar to the results of Kochunov et al., [32] , which used an extended family sample. Genetic factors account for approximately 56% of the variance in CC FA, which may be sensitive to levels of myelination, axonal density and its diameter [6] [7] [8] [9] [10] . Similarly for MD, RD and AD, genetic factors contribute about 50% of the observed variability. Likewise, region wise analyses for the heritability of DTI measures across CC also indicated that heritability values for FA, MD and RD showed moderate heritability (31-54%). Moderate heritability was observed for AD but only in the anterior CC (region A).
We studied bivariate genetic correlation analysis between the DTI metrics for the whole CC. In our analysis, MD-RD shared the highest common genetic variance (84%), followed by MD-AD (77%), FA -RD (52%), RD -AD (37%) and FA -MD (11%). The relationship between MD and RD may be explained by the strong mathematical relationship between these two measures. In the DTI analysis, the magnitude and direction of maximum and minimum water diffusion at each voxel are quantified as three Eigen values at each voxel. MD being the average of the three Eigen values provides the measure of rate of water diffusion whereas RD, which is the average of the second and third Eigen values, is a measure of transverse diffusion. AD is the largest of the three Eigen values and is a measure of the rate of diffusion along the primary axis. As discussed previously, different DTI measures may be sensitive to different aspects of WM integrity and a better understanding of the relationships between these DTI measures may help to understand the underlying changes occurring in axons and myelin in older individuals. However, the relationship between the DTI measures and the tissue microstructural properties are not yet completely understood [67, 68] .
Bivariate genetic correlation analysis of total brain WMLs with whole CC DTI metrics also indicated some common genetic factors between them, with the highest shared common genetic variance observed with MD and RD. The significant genetic correlations observed may reflect shared genetic variance that contributes to common pathological processes leading to age-related WM pathology. WMLs are usually regarded as markers of small vessel disease [69] although their pathology is not completely understood [45] . However, the CC is less affected by small vessel disease [70] . Therefore, the common genetic factors between these measures, as reported in our results, may possibly indicate some other genetic factors for WMLs that are independent of small vessel disease.
This study has a few limitations. Firstly, the DTI metrics were for CC only, while the measures of WMLs, which are not generally observed in CC, were for the total brain. Another limitation is that the MRI scans were collected across three states and used four scanners. However, this is a relatively common issue in multicenter DTI studies and we scanned the twin pairs on the same scanner and also adjusted for the scanner in our analyses. Secondly, we did not explore the shared genetic variance between WM integrity of the CC and its connected cortical regions, as measured by cortical thickness, which may assist in the clarification of the genetic basis of the connectivity of CC. Thirdly, we performed a cross-sectional study. It would be of interest to examine the heritability of longitudinal change in the integrity of CC. And lastly, we note that the ''environment'' component calculated in heritability estimates not only includes environmental variation but also any measurement error in the phenotypes measured.
In conclusion, we observed that in general, the CC microstructure as measured by DTI is under moderate genetic control in older adults. All the CC DTI metrics FA, MD, RD and AD showed significant heritability for whole CC. These measures may serve as useful phenotypes to identify specific genetic variants associated with CC integrity in older individuals. Additionally, we observed some common genetic factors between whole CC DTI metrics and also with CC DTI measures and WMLs, which may lead to further investigations to uncover common genes contributing to age-related changes in WM microstructure in the future.
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